immunogenetic component in the pathogenesis of WD. Several studies have shown a greater prevalence of HLA-B27 antigen in WD patients (26% versus 8% in European and American populations, respectively) (16, 22) , but no causal association between HLA-B27 presence and infection susceptibility has been demonstrated. The classic symptoms of WD include weight loss, diarrhea, and chronic arthropathy. However, it is now known that the disease is often multisystemic, including possible cardiac and central nervous system involvement, and has clinical manifestations that may be varied and nonspecific (Table 1) . T. whipplei has been detected in 4% of patients with various gastrointestinal diseases and in 7% of presumably healthy control subjects (2) . T. whipplei DNA has also been detected in 40% of subgingival and gingival sulcus samples from healthy individuals (124) . The disease is characterized by the persistent bacterial infection of affected tissues, resulting in recurring relapses and gradual exacerbation. PCRbased diagnosis of WD, which is accomplished by detection of the genomic material of T. whipplei, is well defined (30) . However, in practice, some studies raise concerns about the diagnostic value of T. whipplei PCR alone. Indeed, peripheral blood mononuclear cells from four patients with active WD (confirmed by PAS-positive intestinal biopsies) were negative by PCR for T. whipplei DNA (74) . On the contrary, T. whipplei DNA has been detected in people without WD (28) . Diagnosis can also be made by examination of biopsy samples using electron microscopy, which allows visualization of the distinctive trilamellar cell wall of T. whipplei. Serologic tests for the diagnosis of WD are not yet established, because antibodies directed against T. whipplei have been measured in subjects without WD as well as in WD patients (27) . Thus, although the diagnosis is usually made by duodenal biopsy, it can simply be overlooked in the early stages of WD or in other forms of the disease when gastrointestinal involvement is not clear.
The Immune Deficiency of WD
Since the initial description of WD, it has been hypothesized that a preexisting immune deficiency acts as a contributing factor in the development of the disease. The clinical presentation of the disease does not evoke an opportunistic infection. The disease does not appear to affect the humoral response, since total immunoglobulin G (IgG) and IgM levels remain normal even though IgA levels are higher before treatment and reach control values thereafter (22, 117) . A reduction of Band T-cell numbers has been observed with a diminution of the CD4 ϩ /CD8 ϩ ratio (78) . Hence, it is likely that an alteration in the immune response selectively affects some features of the response to T. whipplei while not impairing host defenses against common pathogens. A deficiency of macrophage func-tion has been documented in several studies. Although WD patient macrophages have normal phagocytic activity, they are unable to degrade bacterial antigens efficiently (13, 22) . The expression of CD11b, the ␣ chain of the phagocytic receptor CR3 (CD11b/CD18), is reduced in patient macrophages (78) . The production of interleukin-12 (IL-12) by monocytes/macrophages from WD patients has been shown to be defective (76) . IL-12 is mainly produced by monocytes, macrophages, and dendritic cells and stimulates gamma interferon (IFN-␥) production by NK cells and T lymphocytes. IL-12 is pivotal in the stimulation of Th1 differentiation and IFN-␥-mediated microbicidal competence of macrophages. Hence, reduced IL-12 production leads to diminished IFN-␥ production by T cells and defective macrophage activation. The report of a patient with refractory WD who had an apparent response to IFN-␥ therapy strengthens this hypothesis (107) . In this context, this immune defect appears to be specific to Tropheryma, since patients with WD do not suffer from opportunistic infections, as is commonly reported in IL-12 deficiencies (67) . Peripheral blood mononuclear cells from patients with WD had increased production of IL-4 in response to stimulation with phytohemagglutinin and reduced secretion of IFN-␥ and IL-2 compared to controls (75) . In addition, defective microbicidal activity of macrophages in WD may be intrinsic, because decreased killing of Candida tropicalis by monocytes has been observed in patients in remission (5) . Thus, macrophages might be more susceptible to T. whipplei infection because of decreased classically activating cytokines and increased alternatively activating IL-4 (39), indicative of a Th2 immune response.
INTESTINAL MACROPHAGES
T. whipplei organisms are localized within the lamina propria as determined by in situ hybridization: bacterial RNA was mainly detected at the top of the villi and below the epithelial cell basement membrane (32) . Dobbins proposed that tissue infiltration with T. whipplei occurred from the lamina propria and not from the lumen (21) . After bacteria have been delivered to the subepithelial lamina propria, they encounter intestinal macrophages (68) . We will review various aspects of intestinal macrophages with special emphasis on desensitization or anergy that may be essential in the pathophysiology of intestinal WD.
Tissue Distribution, Phenotype, and Differentiation of Macrophages
Macrophages derive from myeloid progenitor cells that first develop into monocytes and enter the blood (69) . In the absence of an inflammatory stimulus, monocytes remain in the blood flow and are exposed to numerous hormones and constitutive chemokines involved in homeostasis and in host defenses that influence their fate. Monocytes then adhere and migrate through capillary endothelium to peripheral tissues and lymph nodes, where they differentiate into resident macrophages (61) . In contrast, when inflammatory mediators are produced in response to an inciting event, inducible chemokines lead to the recruitment and activation of macrophages in tissues (53) . Intestinal macrophages are located primarily in the subepithelial region of the lamina propria and in Peyer's patches. They constitute 10 to 20% of mononuclear cells in the intestinal lamina propria (23) . Their local distribution is affected by several factors associated with the ecology of the intestinal flora (20, 38) . Intestinal macrophages are also densely distributed in the colorectal mucosa (89), and their distribution at different sites of the gastrointestinal tract has been reported in monkeys (54) and guinea pigs (44) , in which intestinal macrophages were mostly found in the small intestine.
Intestinal macrophages differ markedly from blood monocytes (112) (113) (114) , the cells from which they are derived (14, 43, 105) . They express several markers of myeloid lineage, including CD44, CD68, acid phosphatase, nonspecific esterase, and CD33, a member of the sialoadhesin family of sialic aciddependent cell adhesion molecules ( Table 2 ). They do not express CD14, a major receptor for gram-negative bacteria or their LPS (112); only colonic macrophages express low levels of CD14 (43, 103) . The lack of CD14 results from downregulation of CD14 expression rather than a posttranscriptional control (113) . It may account for the low level of mucosal inflammation despite an environment rich in "CD14 ligands." This is reinforced by the nominal expression of receptors involved in the inflammatory response, such as CR3, Toll-like receptors 1 to 5 (TLR1 to TLR5), and Fc␥R (CD64, CD32, and CD16). Intestinal macrophages do not express CD89 (113), a transmembrane glycoprotein receptor for monomeric and polymeric IgA1 and IgA2 (85) , which are involved in IgA transcytosis across the mucosal epithelium (86) . The absence of CD89 prevents IgA-mediated phagocytosis required for protection against environmental pathogens and IgAmediated release of proinflammatory mediators, including reactive oxygen intermediates, leukotrienes, and prostaglandins (31, 40) .
Spöttl and coworkers attempted to differentiate monocytes into intestinal-like macrophages in the presence of epithelial cells (115) . This work was based on four observations: (i) in normal intestinal mucosa, macrophages form a layer in the subepithelial region of the lamina propria separated by the basement membrane from the epithelial cells (92); (ii) macrophages are concentrated in a band immediately beneath the luminal intestinal epithelium (93); (iii) the mucosal basement membrane is perforated with numerous small pores in vivo, allowing a direct interaction of subepithelial macrophages with intestinal epithelial cells (118) ; and (iv) components of the basement membrane and extracellular matrix are involved in cell differentiation (49) . Using a three-dimensional, organotypic model with primary intestinal fibroblasts embedded in a collagen gel covered with epithelial cells, the authors successfully differentiated monocytes into CD14-and CD11b-negative macrophages within 7 days (115) . These macrophages also lacked CD25, the receptor for IL-2, known to stimulate inflammatory functions of monocytes/macrophages. They exhibited decreased IL-1␤ transcription in response to LPS, likely due to the lack of CD14. A recent study describes the use of stromalcell-conditioned medium to differentiate monocytes into intestine-like macrophages with a reduced expression of CD14, CD16, chemokine receptor CCR5, and receptors for chemotactic factors, such as C5a and f-met-leu-phe (114). This conditioned medium also caused a diminution of release of IL-1, IL-6, IL-10, and tumor necrosis factor (TNF) and an increase of transforming growth factor-␤ (TGF-␤) release following LPS or IFN-␥ stimulation. It is probable that TGF-␤ plays a role in the diminished release of proinflammatory cytokines. Note that in vivo, intestinal epithelial cells and lamina propria mast cells appeared to be the source of mucosal TGF-␤ (114) .
Intestinal Macrophages and Immunity
Intestinal macrophages may be considered bipolar cells: they induce an effective innate response and they restrict inflammation via anergy. First, phagocytic and bactericidal activities of intestinal macrophages are maintained despite the lack of cell surface innate immunity receptors (114) . Indeed, lamina propria macrophages exhibited avid phagocytic activity for bovine serum albumin-coated beads (113) , Candida albicans (112) , Salmonella enterica serovar Typhimurium, and Escherichia coli (114) . Intestinal macrophages are strongly bactericidal: 99% of phagocytosed S. enterica serovar Typhimurium organisms were killed within the first hour (114) . They were capable of even greater bactericidal activity than monocytes, as the numbers of live S. enterica serovar Typhimurium or E. coli organisms recovered from lysed macrophages were an order of magnitude less than those recovered from blood monocytes (114) . Second, intestinal macrophages contribute to immunity through the secretion of antimicrobial peptides. Antimicrobial peptides are mainly expressed by intestinal epithelial cells, particularly by Paneth cells, but it has recently been shown that cathelin-related antimicrobial peptide (CRAMP) can be expressed by murine macrophages. Its production was increased upon infection with S. enterica serovar Typhimurium, and macrophages lacking CRAMP did not control Salmonella replication, indicating the role of this peptide in the antimicrobial arsenal of macrophages (104) . Other proteins with antimicrobial activity have been identified in the normal human colon mucosa; they include ubiquicidin, ribosomal proteins L30, L39, and S19, histones H1.5 and H2B, phospholipase A 2 , and eosinophil cationic protein (51, 120) . Ubiquicidin is expressed by macrophages, and it exhibits antimicrobial activity against Listeria monocytogenes and S. enterica serovar Typhimurium (47) . Different histone-derived peptides from evolutionarily diverse species ranging from fish to mammals have antimicrobial properties against enteric bacteria and can neutralize endotoxin (12) . A recent work revealed Nod2 protein as a critical regulator of bacterial immunity within the intestine (63) . Nod2 is present in macrophages as well as dendritic and Paneth cells and can be induced in enterocytes. This protein is essential in the detection of muramyl dipeptide, a conserved structure in bacterial peptidoglycan, and activation of the adaptive immune system by acting as an adjuvant receptor for antibody produc- tion, either directly or by enhancing the production of ␣-defensins (119, 122) . Despite their role in innate immunity, intestinal macrophages display profound "inflammatory anergy," which is critical for the homeostasis of normal intestinal mucosa. This immunologic disarmament is likely beneficial for the peripheral nonresponsiveness to the abundant antigens to which the mucosa is continuously exposed (103) . It has been shown that bacterial phagocytosis did not stimulate intestinal macrophages to release cytokines (114) . Down-regulation of surface receptors is also a strategy to circumvent the inflammatory response. Indeed, intestinal macrophages did not respond to LPS, probably because of the lack of CD14. They did not respond to various stimuli, including Helicobacter pylori urease, heat-killed Staphylococcus aureus, IFN-␥, or phorbol myristate acetate, as revealed by the undetectable or trace level of IL-1, IL-6, IL-12, TNF, or IL-8 (114) . The low expression of TLR and Fc␥R might dampen inflammatory signals. Similarly, the low expression of CR3 may limit the excessive activation of intestinal macrophages, since CR3 recognizes complement components produced by intestinal epithelial cells and microbe products via its lectin site. It is important to note that intestinal macrophages did not release IL-10 or TGF-␤, suggesting that the anergy does not result from autocrine production of these anti-inflammatory cytokines.
Anergy of intestinal macrophages may also result from the uptake of apoptotic material in the lamina propria. Hence, Nagashima et al. described the presence of "typical intestinal macrophages" that had round or oval nuclei and relatively abundant cytoplasm containing prominent phagocytosed vesicles or fragments morphologically resembling so-called apoptotic bodies in the lamina propria (89) . These apoptotic bodies expressed epithelial cell-associated antigens (CEA, Ber-Ep4, and cytokeratin) (89) . Macrophage responses to apoptotic cell engulfment include down-modulation of inflammatory responses (80, 116) , and it has been shown that activated monocytes switch from a proinflammatory to an anti-inflammatory state following contact with apoptotic neutrophils (15) . Hence, phagocytosis of apoptotic cells by intestinal macrophages might account for the macrophage intestinal anergy.
MACROPHAGES: PIVOTAL CELLS IN WD PATHOPHYSIOLOGY

T. whipplei Specifically Replicates in Monocyte-Derived Macrophages
We recently showed that monocytes and monocyte-derived macrophages have differing susceptibilities to T. whipplei (19) . For example, macrophages allowed intracellular bacterial growth, and bacteria started to replicate at day 6. T. whipplei intramacrophagic growth was slow, with a doubling time around 30 h during exponential growth, which is in agreement with another study on T. whipplei (18 h in HEL cells [98] ) as well as phylogenetically close bacteria such as mycobacteria (20 h [11] ). From day 9, the growth rate decreased slowly and bacteria seemed to enter into stasis after 12 days. T. whipplei replication was associated with macrophage apoptosis. Apoptosis induction was strong (20% of cells became annexin Vpositive after 48 h of incubation) and occurred concomitantly to IL-1␤ release. Macrophage apoptosis is likely a key event for bacterial dissemination of numerous pathogens (Table 3) , and one can suspect that, as for other pathogens, apoptosis induction is a critical event in the pathophysiology of WD. Shigella flexneri represents the paradigm of host cellular machinery subversion to induce apoptosis. Following translocation, S. flexneri organisms are phagocytosed by macrophages present in the dome cells of Peyer's patches. Through their type III secretion system, S. flexneri organisms secrete several proteins, including IpaB (invasion plasmid antigen B), which is thought to be essential for invasion of epithelial cells. Furthermore, IpaB interacts with and activates caspase 1, resulting in apoptosis of the infected cell by activation of other downstream caspases (126, 127) and release of mature IL-1 by cleavage of pro-IL-1 (125) .
In contrast, we showed that monocytes efficiently killed T. whipplei within 3 days (19) and did not undergo apoptosis. In addition, monocytes acquired microbicidal activity which was associated with thioredoxin, a thiol-containing redox molecule (see below) (19) . It is likely that thioredoxin and glutaredoxin systems, known to possess anti-poptotic activity for mammalian cells (3), are involved in apoptosis prevention.
IL-16, Critical Cytokine in WD Pathophysiology
We performed microarray experiments to analyze the different behavior of monocytes and macrophages in response to T. whipplei (19) . We showed that IL-12 was repressed in both monocytes and macrophages following T. whipplei infection. This result is consistent with other studies reporting decreased IL-12 production in WD (76) and with the hypothesis that a specific immune defect is present in WD. However, IL-12 repression does not explain T. whipplei differential survival in TABLE 3 . Bacteria that induce macrophage apoptosis Bacterial pathogen Reference monocytes and macrophages. In contrast, T. whipplei replication in macrophages was associated with IL-16 expression. IL-16 is a proinflammatory cytokine secreted by activated CD4 ϩ and CD8 ϩ peripheral blood lymphocytes (8, 121) , eosinophils (70), mast cells (106), monocytes (29) , and epithelial cells (7) . IL-16 is synthesized in a 631-amino-acid precursor form (pro-IL-16) (6) and is subsequently cleaved at Ser 511 by activated caspase 3 to generate the mature 123-amino-acid molecule (123) . Mature IL-16 is a chemoattractant for CD4expressing immune cells, such as T cells (8), monocytes (17), dendritic cells (55, 56) , and eosinophils (97) . IL-16 is also involved in the production of the proinflammatory cytokines TNF, IL-1␤, IL-6, and IL-15 by monocytes (79) . The expression of the IL-16-encoding gene was up-regulated, and IL-16 was secreted by macrophages following T. whipplei infection (19) . In contrast, IL-16 was not secreted by monocytes that killed T. whipplei. The addition of IL-16 in monocyte cultures stimulated T. whipplei replication. Conversely, anti-IL-16 antibodies completely abolished T. whipplei replication in macrophages. IL-16 seems to stimulate macrophage deactivation, since costimulation of macrophages with IL-16 and T. whipplei up-regulated IL-10-and TGF-␤1-encoding gene expression. It is likely that the expression of these two cytokines results from the production of inflammatory cytokines in response to T. whipplei. Both IL-10 and TGF-␤1, immunoregulatory cytokines, would be more permissive for bacterial replication. Finally, serum IL-16 levels are associated with the activity of the disease: they were higher in patients than in controls, and as soon as a successful treatment was administrated, IL-16 levels decreased to control values (19) . Thus, WD may be added to the list of diseases in which IL-16 is involved, such as inflammatory bowel diseases (36, 45, 60, 82, 110) .
T. whipplei Survival and Redox Context
Different mechanisms may be responsible for the killing of T. whipplei by monocytes. Transcriptional profiles of T. whipplei-infected monocytes were similar to those of LPS or IFN-␥ classically activated monocytes (19) . In humans, T. whipplei is seen intracellularly (99, 100) or as extracellular metabolically active bacteria in the intestinal lumen (32) . Studies using infection of HeLa cells showed that T. whipplei survives intracellularly by altering the phagosomal environment. Phagosomes containing bacteria were acidic, and T. whipplei colocalized with lysosome-associated protein 1 but not with cathepsin D, indicating that phagolysosome fusion and maturation were incomplete (35) . Interestingly, vacuole acidification was critical to the survival of the organisms, since agents that increased the intravacuolar pH decreased bacterial viability (35) .
As reported for other intracellular bacteria in which strategies adaptive to host dependence are generally associated with genome reduction (24), T. whipplei possesses a small genome (Ͻ1 Mb). Its analysis reveals striking features: the biosynthetic pathways for 16 amino acids are missing or impaired, genes encoding enzymes of the tricarboxylic acid cycle are missing, and T. whipplei lacks clear homologs for thioredoxin and thioredoxin reductase. In addition, the gene encoding glutaredoxin is missing, and T. whipplei exhibits only a distant homolog to glutathione reductase (101) . Hence, T. whipplei represents the first example of bacteria without the essential thioredoxin/ glutaredoxin redox pathways. Thioredoxin and glutaredoxin systems are antioxidant molecules which act as electron donors for numerous cellular processes. Interestingly, we found that the killing of T. whipplei by monocytes was associated with thioredoxin-and glutaredoxin-encoding gene up-regulation (19) . Upon infection, monocytes released active thioredoxin, whereas both its transcription and release were repressed in macrophages. Adding exogenous thioredoxin to infected macrophages decreased bacterial replication. We also demonstrated that thioredoxin is not toxic for T. whipplei, since adding thioredoxin to axenic culture of T. whipplei did not interfere with bacterial growth (19) . Hence, it is likely that thioredoxin activates monocytes. Indeed, thioredoxin has been shown to activate NF-B (4) and AP-1 transcription (48) , and this might be the way by which apoptosis is prevented in monocytes. Thioredoxin, and more generally intracellular redox status, also affects the Th1-Th2 balance (88) , since mice overexpressing human thioredoxin exhibit a long-term T-cell polarization toward Th1 profile (87) depending on the enzymatic activity of thioredoxin (10) .
Intestinal Macrophages in WD
During WD, the small intestinal mucosa of most patients is characterized by a loss of microvilli and the infiltration of large foamy macrophages, which are filled with PAS-positive material. Ultrastructural studies have shown that T. whipplei organisms are present in both intracellular and extracellular locations (111) . Recently, we assessed the transcriptional profile of intestinal macrophages from a patient with refractory intestinal WD (18) . Histological analyses of duodenal biopsies from this patient showed a massive infiltration of foamy macrophages in the lamina propria which represented more than 80% of the cells. These macrophages contained numerous intracytoplasmic PAS-positive granules. Only 129 genes were differentially modulated in WD lesions. Among them, one of the most up-regulated genes was that encoding CCL18, a chemokine mainly expressed by monocytes/macrophages and dendritic cells. CCL18 expression is induced by Th2-associated cytokines, such as IL-4, IL-13, and IL-10, whereas its expression is repressed by IFN-␥ (64, 94) . We found that IL-10 was strongly induced in WD lesions and might account for CCL18 expression (18) . CCL18 attracts naïve T cells and is produced by tumorassociated macrophages (108) . Recruitment of naive T cells in a microenvironment dominated by IL-10, which inhibits dendritic cell maturation, might result in tolerance and immunoregulation. Genes encoding cathepsins, major histocompatibility complex (MHC) class II molecules (HLA-DP␤1 and HLA-DMB), scavenger receptors, CD14, and IL-1 receptor antagonist were also strongly up-regulated in WD lesions. Up-regulation of cathepsin expression may be associated with a defective IFN-␥ pathway, since IFN-␥ decreases expression of cathepsin B in macrophages (50) . These results are in accordance with the successful treatment of a patient with refractory intestinal WD with IFN-␥ therapy (107) . Interestingly, all these up-regulated genes have been associated with the M2/alternatively activated phenotype of macrophages (39, 73) . The M2/alternatively activated transcriptional signature of intestinal macrophages in WD lesions is distinct from that of circulating monocytes and derived macrophages, in which IL-16 seems to be critical (see above) (19) . We propose the following model to explain this difference ( Fig. 1 ). Once they have reached the lamina propria by an unknown mechanism, T. whipplei organisms are engulfed by resident intestinal macrophages, which then shift toward the M2/alternatively activated phenotype. They produce high levels of CCL18, IL-10, and TYRO binding protein (DAP12) (18) , which may attract other macrophages and naive T cells and orient the local immune response toward a Th2 response. Newly recruited macrophages engulf bacteria and produce IL-16 and IL-1␤ and undergo apoptosis. T. whipplei infection could then spread gradually. In the intestinal mucosa, IL-16 could promote immature dendritic cell maturation into tolerogenic dendritic cells that orchestrate tolerance of T. whipplei. Apoptosis of infected cells could also play a role by inducing anti-inflammatory cytokine release by macrophages following phagocytosis. Migration of infected dendritic cells or lymphocytes could propagate infection in other lymphoid organs.
CONCLUDING REMARKS
It has recently been shown that there is an association between immunosuppressive therapy and the onset of diarrhea in WD, supporting the concept that immunologic factors play a role in disease pathogenesis (72) . Macrophages, particularly those of the intestinal mucosa, seem to be of central importance in the development of the disease. The close proximity of bacteria and bacterial products, the local expression of numerous cytokines, and the presence of endogenous mucosal factors probably perpetuate and amplify T. whipplei infection in gastrointestinal tract mucosa. Exploring the underlying immune defects is required to explain why this ubiquitous microorganism causes disease only in certain individuals. 
